Flowering of the facultative long-day plant Arabidopsis is controlled by several endogenous and environmental factors, among them gibberellins (GAs) and day length. The promotion of flowering by long days involves an endogenous clock that interacts with light cues provided by the environment. Light, and specifically photoperiod, is also known to regulate the biosynthesis of GAs, but the effects of GAs and photoperiod on flowering are at least partially separable. Here, we have used a short-period mutant, toc1, to investigate the role of the circadian clock in the control of flowering time by GAs and photoperiod. We show that toc1 affects expression of several floral regulators and a GA biosynthetic gene, but that these effects are independent.
Flowering in Arabidopsis is regulated by multiple environmental and endogenous cues, such as light, temperature, nutrient availability, and age (or developmental stage; Simpson et al., 1999) . In most Arabidopsis accessions, long days, higher growth temperatures, and transient exposure to winter-like low temperatures (vernalization) promote faster flowering, whereas short days, lower growth temperatures, and absence of vernalization represent noninductive conditions, under which flowering is delayed.
In addition to environmental signals, several hormones are known to take part in the control of flowering time. In Arabidopsis, GAs are essential for flowering under noninductive conditions because mutants impaired in GA biosynthesis are unable to flower under short days, whereas mutants with enhanced GA response or plants exogenously treated with GA flower earlier, particularly under short days. The GA antagonist abscisic acid, on the other hand, appears to have a role in delaying flowering because mutants defective in abscisic acid signaling flower slightly earlier than the wild type (Chandler et al., 2000) .
Several findings have suggested that an increase in GA biosynthesis contributes to the promotion of flowering by long photoperiods. First, the active GA species, GA 1 and GA 4 , accumulate when short daygrown Arabidopsis plants are induced to flower by transferring them to long days (Xu et al., 1997; Gocal et al., 2000) ; and second, exogenous application of GAs to certain monocots or to Arabidopsis mutants can be as efficient as single long-day treatments in the promotion of flowering (Pharis et al., 1987; Gocal et al., 2000) . On the other hand, GA-deficient mutants are able to flower under long days, and the severity of the delay caused by the lack of GAs varies with the experimental conditions employed, indicating that there is not a simple relationship between day length and the role of GAs in floral induction (Wilson et al., 1992; Blázquez et al., 1998) .
To investigate the relationship between GAs and photoperiod, we have made use of the toc1 mutant, in which photoperiodic promotion of flowering is uncoupled from external inputs by disruption of the circadian clock. TOC1, which encodes a nuclear protein with an atypical response regulator receiver domain, is a critical component of the central oscillator, and mutations in it cause day lengthindependent early flowering that is exclusively because of shortening of circadian rhythms (Somers et al., 1998; Strayer et al., 2000) . Here, we show that alteration of circadian clock function affects the expression of a gene involved in GA biosynthesis as well as that of floral regulators in the long-day pathway. These appear to be parallel effects because the photoperiodic control of flowering is independent of GA signaling.
RESULTS

Expression of a GA Biosynthetic Gene Is Affected by Changes in Circadian Period
To determine whether changes in circadian clock function affect GA biosynthesis, we analyzed the expression of GA5, which encodes a GA 20-oxidase (Phillips et al., 1995; Xu et al., 1995) , in wild type and in toc1 mutants. The expression of GA5 is subject to negative regulation by GAs, and, therefore, can be used to monitor changes in GA concentration (Xu et al., 1995) . Plants were entrained in a short-day regime (9 h of light, 15 h of dark), and gene expression was monitored during a 28-h period (Fig. 1A) . GA5 expression was elevated 1.5 to 2 times in the toc1 mutant compared with the wild type over the entire period of time analyzed. A weak rhythmic oscillation of GA5 expression was apparent in the toc1 mutant, but not in the wild type. Although this observation suggests that alterations in circadian clock elements may slightly affect GA biosynthesis, it remains unclear whether this is because of circadian regulation of GA5 expression, or because of a clock-independent activity of TOC1. To test whether the effect of toc1 on GA5 expression affects apparent GA concentration, we also compared the response of GA5 expression, which is under end product repression (Xu et al., 1995) , with exogenous GA 3 in wild type and toc1 mutants (Fig. 1B) . Exogenous GA 3 was not sufficient to suppress the increase in GA5 caused by the toc1 mutation, suggesting that GA levels are increased in toc1 mutants.
Expression of Flowering Time Genes Is Affected by Changes in Circadian Period
The circadian clock acts upstream of the photoperiod, or long-day, pathway promoting flowering. Circadian regulation of CO (CONSTANS) RNA expression appears to be an integral part of the molecular mechanism that regulates flowering in a day lengthdependent manner. Light is apparently required for CO activity, and because peak levels of CO RNA are present during the day in long, but not short days, this coincidence mechanism has been proposed to allow CO to promote flowering only in long days (Suárez-Ló pez et al., 2001) . If CO mediates between the clock and flowering, CO expression should be affected by changes in the clock independently of external photoperiod. To test this hypothesis, we analyzed the expression of CO in toc1 mutants, which flower early in noninductive short-day conditions (Somers et al., 1998) . As previously reported, CO expression was subject to circadian regulation in short day-grown wild-type seedlings (Suárez-Ló pez et al., 2001), with a peak of expression in the middle of the dark period (Fig. 2) . In the toc1 mutant, CO expression levels had a similar circadian rhythm, but the peak was reached 4 h earlier than in wild type. The maximal level of CO expression was similar to that of wild type.
Promotion of flowering by CO is mediated by at least two genes, FT and SOC1, whose expression levels are critical in determining flowering time (Samach et al., 2000) . To determine whether the changed CO expression pattern in toc1 mutants affected these downstream genes, we examined their expression as well. As observed for CO, expression of SOC1 in the wild type followed a circadian rhythm under short days, with the peak of expression occurring at dusk (Fig. 2 ). In the toc1 mutant, the peak of SOC1 expression was reached 3 to 4 h earlier (Fig. 2) . The most dramatic effect of the toc1 mutation was observed in the case of FT. Although FT expression levels were very low in wild-type plants grown in short days ( Fig. 2 ; Kardailsky et al., 1999; Kobayashi et al., 1999) , maximal levels of FT in the toc1 mutant were at least 4 times higher than in the wild type, and FT expression oscillated with a circadian rhythm, similar to what has been observed in wild-type plants under Tissue was harvested from 10-d-old seedlings entrained in a 9-h-light/15-h-dark cycle. Expression levels were normalized against UBQ, and expressed as fraction of the maximal expression level. A, Effect of the toc1 mutation on circadian GA5 expression. B, Effect of exogenous GA 3 on GA5 expression measured 4 h after dawn. Seedlings were grown for 10 d on Murashige and Skoog plates without exogenous GA 3 (white bars) or with 50 M GA 3 (black bars).
long days (Suárez-Ló pez et al., 2001; Fig. 3) , with a peak of expression shortly after dusk. The toc1 mutation had no effect on the expression of CO, SOC1, and FT under long days (Fig. 3) , consistent with the similar flowering time of toc1 and wild-type plants under these conditions.
The short-day early flowering phenotype of toc1 mutants is suppressed in 21-h light-dark cycles, which match the endogenous period of the clock in toc1 (Strayer et al., 2000) . In agreement with this phenotype, the dramatic up-regulation of FT and the shift in the circadian rhythm of CO and SOC1 seen under short-day cycles that were 24 h long were completely suppressed when the short-day cycles were shortened to 21 h (Strayer et al., 2000; Fig. 4 ). These results confirm that the activity of the photoperiod pathway is under the control of the circadian clock.
Interaction of GAs and the Circadian Clock in Controlling Flowering Time
In short days, GAs are essential for flowering of Arabidopsis (Wilson et al., 1992) . To determine whether the promotion of flowering by the circadian clock required GA, we tested whether the early flowering phenotype of toc1 mutants could be abolished by blocking GA biosynthesis. In long days, the lateflowering phenotype of the ga1 mutant was alleviated by the toc1 mutation (Table I ). More dramatically, the inability of ga1 mutants to flower in short days was suppressed by the toc1 mutation, indicating that GAs are no longer limiting in short day-grown toc1 mutants. As with the induction of CO, FT, and SOC1, 21-h light/dark cycles suppressed the ability of toc1 to promote flowering in short day-grown ga1 mutants ( Table I ), confirming that suppression of the ga1 flowering defect by toc1 is because of its effects on the clock. A critical output of floral induction is activation of the floral meristem identity gene LFY (LEAFY), which encodes a transcription factor that activates a flower-specific developmental program (Parcy et al., 1998) . The LFY promoter integrates signals from the GA and long-day pathways, and GAs are essential for activation of the LFY promoter when the long-day pathway is inactive (Blázquez and Weigel, 2000) . To determine how the circadian clock affects LFY expression, we analyzed LFY promoter activity in toc1 and toc1 ga1 mutants. In wild type, the LFY promoter is up-regulated as development proceeds; when a critical threshold is reached, flowers are initiated (Blázquez et al., 1997) . In short day-grown ga1 mutants, the LFY promoter fails to be strongly upregulated, causing the inability of ga1 mutants to flower under these conditions (Fig. 5) . LFY promoter activity was restored in ga1 toc1 mutants grown in short days, to levels similar to those observed in toc1 mutants, which were higher than those in wild-type plants. These results indicate that the LFY promoter is an ultimate target for the control of flowering by the clock, and that the clock regulates LFY expression through a mechanism that is independent of GAs.
Constitutive expression of LFY has been shown to allow flowering of ga1 mutants under noninductive conditions (Blázquez et al., 1998) . If photoperiodic control of flowering time by the circadian clock does not require GA signaling, activation of the long-day pathway under short days should cause flowering even in the absence of GA biosynthesis. To test this idea, we overexpressed two genes, FT and SOC1, which act downstream of CO, in the ga1 mutant background, and in plants grown in the presence of the GA biosynthesis inhibitor paclobutrazol. Constitutive expression of FT restored the ability of ga1 mutants to flower under short days (Fig. 6A) . Similarly, treatment of 35S::FT and 35S::SOC1 plants with paclobutrazol did not prevent early flowering either under long or short days, although flowering under short days was delayed by a few leaves compared with the untreated controls (Fig. 6B) . That elimination of GA biosynthesis in short days had an effect on the early flowering of 35S::FT and 35S::SOC1 plants (Fig. 6B ), but not on toc1 ( Table I ), suggests that the full effect of the toc1 mutation requires both FT and SOC1.
DISCUSSION
Modulation of GA biosynthesis and signaling is a common theme in plant development. For instance, the promotion of seed germination by light requires the accumulation of active GA species, achieved 
Table I. Flowering time of ga1-3 and toc1-3 lines under different light regimes
All lines were in the Landsberg erecta background. RL, Rosette leaves; CL, cauline leaves; TL, total no. of leaves. Values are the means Ϯ 2 SE (i.e. within a 95% confidence interval). n Ͼ 10 plants. by the induction of GA biosynthetic enzymes (Kamiya and Garcia-Martinez, 1999). In other processes, light affects sensitivity to GAs, as deduced from the observation that hypocotyl elongation of plants with a defect in the PHYB photoreceptor is hyperresponsive to GAs (Reed et al., 1996) . Both GAs and PHY-TOCHROME B (PHYB) also affect flowering, but in this case, they appear to act in parallel because GAs are not required for the early flowering phenotype of phyB mutants, and the expression of the floral meristem identity gene LFY does not become more sensitive to GAs in a phyB mutant background (Blázquez and Weigel, 1999) . A similarly complex relationship is seen between light and flowering. Light provides seasonal information through variation in day length, but it also affects flowering through variation in light quality or intensity. For example, far-red light promotes flowering, whereas red light inhibits flowering. In addition, high irradiance accelerates flowering (Bagnall, 1992; Corbesier et al., 1996) .
During seed germination, light appears to have a direct effect on GA biosynthesis (Yamaguchi et al., 1998; Kamiya and Garcia-Martinez, 1999) . Our finding that expression of GA5, a GA biosynthetic gene that is under end product repression (Xu et al., 1995) , is affected in the short-period mutant toc1 independently of changes in the external photoperiod indicates that during adult development, light may affect GA biosynthesis through an interaction with the circadian clock. Similarly, we have found that the toc1 mutation affects expression of the floral regulatory gene CO and its downstream targets FT and SOC1, which are normally regulated by external photoperiod. One possibility is that the advance in the peak of CO expression caused by toc1, or an increase in baseline expression, allows the coincidence of higher CO levels with the presence of light. Considering that CO is required for FT induction, it is likely that the increase in FT expression in toc1 is a consequence of the observed changes in CO expression, although this regulation may require the participation of additional circadian-regulated elements. These results provide experimental evidence that interaction of light with the circadian clock constitutes at least one of the mechanisms for the promotion of flowering by long photoperiods. However, we cannot rule out that light, in addition, has a direct effect on the expression of the floral regulators downstream of CO.
We have described previously a regulatory element in the LFY promoter that is essential for the effects of GA on LFY promoter activity. Mutation of this element does not abolish responsiveness to long days, although the overall activity of the promoter is reduced (Blázquez and Weigel, 2000) . Furthermore, the LFY promoter is induced by long days in ga1 mutants (Blázquez et al., 1998) , but the magnitude of induction is reduced. These observations point to both GA-dependent and -independent effects in the photoperiodic control of Arabidopsis flowering. It has been shown previously that the concentration of active GAs increases in plants that are transferred from short to long days, coinciding with bolting (Xu et al., 1997) . As shown in this work, GA contribution is not quantitatively important in the determination of flowering time by the photoperiod pathway. Therefore, the increase in GA concentration induced by long days might be relevant for cell expansion required during stem elongation, rather than the determination of flowering time.
MATERIALS AND METHODS
Plant Material
The wild type used was Arabidopsis strain Landsberg erecta. ga1-3 (Sun and Kamiya, 1994) , 35S::FT (Kardailsky et al., 1999) , and 35S::SOC1 (Lee et al., 2000) have been described. The semidominant toc1-3 mutation, originally called fog2-1 (flowering of ga1-3) , was isolated because of its ability to suppress the nonflowering phenotype of ga1-3 mutants grown in short days. The mutant was mapped to the TOC1 locus (Strayer et al., 2000) , and sequencing identified a C to T mutation at position 2,082 of TOC1 (GenBank accession no. AF272039), causing an Ala-562 to Val change, which is the same change as in the toc1-1 allele (Strayer et al., 2000) . The LFY::GUS line (DW150-304) in the Landsberg erecta background has been described previously (Blázquez et al., 1997 (Blázquez et al., , 1998 .
Growth Conditions
For experiments on soil, seeds were stratified for 2 to 3 d at 4°C before sowing. Plants were grown at 23°C in long (16 h of light and 8 h of dark) or short days (9 h of light and 15 h of dark), under a mixture of 3:1 cool-white and Gro-Lux fluorescent lights (Osram Sylvania, Danvers, MA). For 21-h light/dark cycles, short days were 7 h of light and 14 h of dark.
ga1-3 mutants do not germinate without GAs (Koornneef and van der Veen, 1980) and were incubated with 50 m GA 3 (Sigma, St. Louis) during stratification. Seeds were rinsed thoroughly with water before sowing.
Paclobutrazol (Zeneca Ag Products, Wilmington, DE) was applied by watering with a 37 mg L Ϫ1 solution.
␤-Glucuronidase Activity Measurements
Quantitative measurements of ␤-glucuronidase activity in dissected shoot apices using 4-methylumbelliferyl-␤-d-glucopyranoside were done as described by Blázquez et al. (1997) .
RNA Extraction and Analysis
Total RNA was extracted with TRIzol reagent (Gibco BRL, Grand Island, NY). RT-PCR was performed with 1 g of total RNA, using a Reverse Transcription Kit (Promega, Madison, WI). CO, FT, and UBQ primers have been described (Blázquez and Weigel, 1999) . Primers for amplification of SOC1 were JH1145 (GGA TCG AGT CAG CAC CAA ACC) and JH1146 (CCC AAT GAA CAA TTG CGT CTC); primers for GA5 were MB85 (CCA AGC TTC CAT GGA AGG AG) and MB86 (ACA TGG TCT TGG TGA AGG AT). Signal intensities were determined with a Molecular Dynamics (Sunnyvale, CA) PhosphorImager, and values in the exponential range of amplification were compared. Expression analyses were carried out twice with independent samples, and the results of one of the experiments are shown.
